The physiological function(s) of myocilin, a glaucoma-associated protein, is poorly understood. Results: Myocilin enhances cell proliferation and survival together with the activation of the ERK signaling pathway. Myocilindeficient mesenchymal stem cells demonstrate reduced proliferation and survival. Conclusion: Myocilin participates in the regulation of cell growth and survival. Significance: This study provides new insight into the role of myocilin in ocular and non-ocular tissues.
Myocilin was discovered as one of the proteins that were induced by a long term dexamethasone treatment of cultured human trabecular meshwork cells with a time course similar to that of corticosteroid-induced glaucoma (1) . For that reason, the protein was originally named TIGR (trabecular meshworkinducible glucocorticoid response protein). Myocilin is a secreted glycoprotein that consists of 504 amino acids in humans and contains the olfactomedin domain at its C terminus (2) (3) (4) . This domain is present in 13 different proteins in mammals (5) . The N-terminal region of myocilin contains leucine zipper motifs within two coil-coil domains, a signal sequence, and an N-glycosylation site (2, 6) . The leucine zipper motifs are important for oligomerization of myocilin (6 -8) . To date, more than 70 glaucoma-associated mutations have been identified in the myocilin (MYOC) gene, with the majority (Ͼ90%) of these mutations located within the third exon encoding the olfactomedin domain (5, 9 -12) . Mutations in MYOC are found in ϳ3-4% of all patients with primary open angle glaucoma and in more than 10% of patients with juvenile open angle glaucoma, an early onset and more severe form of glaucoma (10, 11, 13, 14) .
Several lines of evidence have revealed the characteristic properties of disease-associated mutant myocilins. Mutant myocilins associated with severe forms of glaucoma are relatively insoluble in the non-ionic detergent, Triton X-100, as compared with wild-type myocilin (15) . In cell cultures, mutant myocilins are not secreted from cultured cells and accumulated in the endoplasmic reticulum as insoluble aggregates, which leads to deleterious effects and cell death (16 -20) . Our recent report (21) demonstrated that the expression of mutated myocilins sensitizes cells to apoptosis induced by oxidative stress. In agreement with the cell culture results, mutant myocilins seem not to be secreted from the eye tissues. They are not detected in the aqueous humor of patients harboring Q368X mutation in myocilin (18) or in the aqueous humor of transgenic mice expressing human mutant Y437H myocilin (22, 23) . The accumulation of mutant myocilins leads to endoplasmic reticulum stress in eye angle tissues, including the trabecular meshwork, and ultimately may result in the loss of cells within the trabecular meshwork, structural changes in the outflow pathway, and elevated intraocular pressure (13, 21, 23) .
High levels of MYOC mRNAs are detected in the trabecular meshwork and sclera (12, 24, 25) with considerable levels also detected in other ocular and non-ocular tissues, including skeletal muscle, heart, bone marrow, and sciatic nerve (12, 26 -28) . Despite continuous studies for over 15 years since its discovery, the physiological functions of myocilin in ocular and non-ocular tissues are poorly understood. One possible approach for elucidating the functions of myocilin is through the identification of its binding partners. We reported that myocilin may induce actin cytoskeleton reorganization through interactions with components of the Wnt signaling pathways, including several Frizzled receptors, secreted Frizzled-related proteins, and Wnt-inhibitory factor 1. These data suggest that myocilin is a modulator of the Wnt signaling (29) . Additionally, several extracellular matrix proteins (24, 30 -32) , intracellular cytoskeleton-associated proteins (7, 32) , and membrane-associated proteins (33) (34) (35) have been identified as potential myocilinbinding partners.
Here we used another approach to uncover possible myocilin functions. We compared the expression profiles of control and myocilin-expressing cells using a microarray analysis and found that myocilin expression led to changes in the expression of some genes associated with cell proliferation and survival. We showed that myocilin increased cell proliferation and survival. The activation of the extracellular signal-regulated protein kinase (ERK) signaling pathway could be involved in the observed effects. These findings provide a new direction for studies aimed at the elucidation of the physiological functions of myocilin in ocular and non-ocular tissues.
EXPERIMENTAL PROCEDURES
Cell Cultures-Vector control and myocilin-expressing cell lines were generated by transfecting the HEK293 Tet-On cell line with pTRE and pTRE-MYOC-FLAG, respectively (21) . Tet-On stably transfected cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% Tet system-approved fetal bovine serum (FBS; Clontech), penicillin (100 units/ml), streptomycin (100 g/ml), hygromycin B (200 g/ml), and G418 (100 g/ml) at 37°C in a humidified atmosphere of 5% CO 2 .
Mouse Mesenchymal Stem Cell (MSC) Isolation and Characterization-MSCs 2 were isolated from femoral bone marrow aspirates of C57BL/6 wild-type and Myoc-null mice (36) as described previously (37) . In brief, 6-week-old mice were sacrificed by increasing exposure to CO 2 followed by a cervical dislocation. Cutaneous tissues were removed, and the bone marrow was aspirated from femurs by flushing them with 1-2 ml of DMEM. Mononucleated cells from the bone marrow were plated at 2 ϫ 10 7 cells/100 mm 2 on plastic culture dishes in DMEM supplemented with 10% FBS, penicillin (100 units/ ml), and streptomycin (100 g/ml) at 37°C in a humidified atmosphere of 5% CO 2 . Non-adherent cells were removed after 48 -72 h, and adherent cells (MSCs) were replenished with fresh medium every 2-3 days until confluent. MSCs were characterized using the mouse multipotent mesenchymal stromal cell marker antibody panel (R&D Systems). Live mouse MSCs in a single-cell suspension were blocked using 1% FBS in PBS and then stained immunocytochemically for surface markers supplied with the panel. Alexa Fluor 633-conjugated goat anti-mouse IgG (Invitrogen) were used as a secondary antibody. Negative controls included cells with a primary antibody omitted from the staining protocol. Analysis was carried out using a FACSCalibur flow cytometer (BD Biosciences).
Cell Treatments-For induction of apoptosis, confluent Tet-On stable HEK293 cells or MSCs were washed twice with serum-free DMEM and further incubated in serum-free DMEM for 72 or 120 h. MEK inhibitor U0126 (Cell Signaling Technology, Beverly, MA) was dissolved in dimethyl sulfoxide (DMSO) as a 10 mM U0126 stock solution. 10 M U0126 was added to cell culture medium 2 h prior to the induction of myocilin expression.
Microarray Analysis-Total RNA was extracted from vector control and myocilin-expressing cell lines 48 h after induction with 1 g/ml doxycycline (DOX) using a TRIzol reagent (Invitrogen). Ten micrograms of total RNA were used for each microarray study. Gene expression profiling was performed as a service by Expression Analysis Inc. (Durham, NC) using Human Affymetrix Gene Chip U133 Plus version 2.0 (Affymetrix Inc., Santa Clara, CA).
For statistical analysis, we used the GeneSpring GX version 10.0.3 software package (Silicon Genetics, Redwood City, CA). All data are MIAME (minimum information about a microarray experiment)-compliant. Raw data have been deposited in the GEO database with accession number GSE53985. For a background correction, normalization, and summarization of expression values, we used the robust multichip average method (38) . One-way analysis of variance was used to compare gene expression -fold changes between control and myocilinexpressing cells. We found 4,343 probes with a corrected p value less than 0.05 that were differentially expressed between myocilin-expressing HEK293 and vector control HEK293 cell lines. For multiple testing correction, we used the false discovery rate method (39) . We found 133 annotated probe sets (71 up and 62 down), corresponding to 111 genes that have a -fold change greater than 2. This set of genes was used for a downstream systems biology study using Ingenuity Pathway Analysis (Ingenuity Systems, Redwood City, CA) and Pathway Studio TM (Elsevier, Inc.).
qRT-PCR-Total RNA was extracted from Tet-On stably transfected HEK293 cells using a TRIzol reagent (Invitrogen). cDNA was obtained by reverse transcription of mRNA using oligo(dT) as a primer and a SuperScript III first-strand synthesis system (Invitrogen). Forward and reverse primers used are listed in Table 3 . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. Quantitative PCR was performed using a SYBR Green PCR Master Mix (ABI, Foster City, CA) and a 7900HT real-time thermocycler (ABI, Foster City, CA). To quantify the relative changes in gene expression, we used the 2 Ϫ⌬⌬CT method. The average C T was calculated for the target genes and internal control (GAPDH), and the ⌬C T (C T, target Ϫ C T, GAPDH ) values were determined. All reactions were performed using at least three independent biological samples.
WST-1 Cell Proliferation Assay-Tet-On stably transfected HEK293 cells or MSCs were plated at a concentration of 1 ϫ 10 4 cells/well in 96-well plates, and Tet-On stable cells were incubated with several different concentration of DOX. After 48 h, 10 l of WST-1 reagent (Roche Applied Science) was added into each well, and the absorbance was measured at 450 nm after 1 h of incubation using a model 680 microplate reader (Bio-Rad).
Terminal Deoxynucleotidyl Transferase-mediated dUTP Nick-end Labeling (TUNEL) Assay-Tet-On stably transfected HEK293 cells or MSCs grown on CC2-treated 4-well glass slides (Nalge Nunc International, Naperville, IL) were fixed in 4% paraformaldehyde, and apoptotic cells were stained for TUNEL positivity using an in situ cell death detection kit (Roche Applied Science), following the manufacturer's instructions.
Western Blotting-Tet-On stably transfected HEK293 cells or MSCs were lysed in Mg 2ϩ lysis buffer (Upstate Biotechnology, Inc., Temecula, CA) containing a protease inhibitor mixture (Roche Applied Science). Mouse iridocorneal angle tissues (the ciliary body, trabecular meshwork, and base of the iris and cornea) were dissected and homogenized in the lysis buffer (50 mM Tris, pH 7.5, 5 mM EDTA, 20 mM DTT, 0.2% SDS, 1% Triton X-100, and 1% Tween 20). After centrifugation, proteins of the soluble fractions (20 g) were separated by 4 -12% gradient NU-PAGE (Invitrogen) and transferred to a nitrocellulose membrane (Invitrogen). Membranes were preincubated in a blocking buffer (5% nonfat milk, 25 mM Tris, 150 mM NaCl, 0.05% Tween 20, pH 7.4) and then incubated in a blocking buffer overnight at 4°C with corresponding antibodies. The antibodies used were as follows: anti-FLAG (1:2,000; Sigma), anti-cleaved caspase 7 (CP7, 1:500; Cell Signaling Technology, Beverly, MA), anti-cleaved poly(ADP-ribose) polymerase (1:500; Cell Signaling Technology), anti-phospho-c-Raf (1:500; Cell Signaling Technology), anti-phospho-MEK (1:500; Cell Signaling Technology), anti-phospho-ERK (1:500; Cell Signaling Technology), anti-ERK (1:1,000; Cell Signaling Technology), anti-myocilin (36) (1:2,000), anti-GAPDH (1:2,000; Abcam), or anti-heat-shock cognate 70 (HSC70; 1:2,000; Santa Cruz Biotechnology, Inc.). Secondary antibodies (an anti-rabbit or anti-mouse horseradish peroxidase antibody; Amersham Biosciences) were diluted 1:5,000 in a blocking buffer and incubated for 2 h at room temperature. The immunoreactive bands were developed using SuperSignal WestDura (Pierce).
Immunofluorescent Labeling-Mouse eyes were fixed in 10% neutral buffered formalin at 4°C for 24 h before processing for paraffin embedding. Deparaffinized sections were blocked in a blocking buffer (2% normal goat serum and 0.2% Triton X-100 in PBS) for 1 h and incubated with antibody against anti-phospho-ERK (1:100; Cell Signaling Technology) in a blocking buffer for 3 h. The sections were washed three times for 10 min in PBS containing 0.01% Tween 20, followed by incubation with Alexa 488-conjugated anti-rabbit secondary antibody (Molecular Probes, Inc., Eugene, OR) for 1 h. After washing four times with PBS containing 0.01% Tween 20, the sections were further incubated with DyLight 594-labeled anti-myocilin antibody for 3 h. The sections were mounted in Vectashield mounting medium with 4Ј,6Ј-diamidino-2-phenylindole (DAPI; Vector Labs). The anti-myocilin antibody was prelabeled with fluorescent dye using DyLight 594 antibody labeling kit (Pierce) according to the manufacturer's instructions. Tet-On stably transfected HEK293 cells grown on CC2-treated 4-well glass slides (Nalge Nunc International) were fixed in 4% paraformaldehyde for 20 min. Fixed cells were blocked in a blocking buffer for 1 h and incubated with antibody against Ki-67 (Millipore) for 3 h. After washing three times, the Ki-67-positive cells were fluorescently labeled by incubation with Alexa 594-conjugated anti-rabbit secondary antibody (Molecular Probes) for 30 min. After washing four times, the samples were mounted in Vectashield mounting medium with DAPI (Vector Labs). The stained samples were examined, and fluorescent images were collected using an Axioplan-2 fluorescence microscope (Carl Zeiss).
Phospho-MAPK Antibody Array-Tet-On stably transfected HEK293 cells grown on 25T flasks were incubated with 1 g/ml DOX for 48 h. Cells were lysed in a lysis buffer provided with the human phospho-MAPK array kit (R&D Systems). Equal amounts (200 g) of cell lysates were added to human phospho- 
RESULTS

Expression Profile Analysis of Myocilin-expressing Cells-
We developed a stably transfected HEK293 cell line expressing myocilin under the control of a tetracycline-inducible promoter (21) . The inducibility of myocilin in this cell line was confirmed by Western blotting and qRT-PCR (see Fig. 1 in Ref. 21) . To get better insight into possible functions of myocilin, we compared gene expression patterns of myocilin-expressing HEK293 and vector control HEK293 cell lines after DOX induction using Affymetrix GeneChip U133 plus 2.0 human microar- Table S1 ). Next, we used the IPA software to sort differentially expressed genes into functional categories. Table 1 summarizes the top 5 biofunctions in two categories: "diseases and disorders" and "molecular and cellular functions." The IPA analysis revealed that cancer was the first biological function related to "diseases and disorders" with the highest number of genes. Fundamentally, cancer can be caused by an abnormal growth of cells. The top functions in the "molecular and cellular functions" subcategory showed that the majority of differentially expressed genes were associated with cell growth and proliferation or cell death ( Table 1 ). These data suggested that myocilin expression may lead to changes in cell proliferation and survival. For a systems biology approach, we used a subnetwork enrichment analysis algorithm (SNEA) using Pathway Studio software, which constructs a comprehensive collection of gene sets from ResNet, a global literature-extracted protein-protein interaction network. The gene sets are constructed for each individual network node ("seed") and consist of all of its downstream expression targets only. The central idea of the SNEA approach is that if the downstream expression targets of a seed are enriched with differentially expressed genes, then the seed is likely to be one of the key regulators of the differential expression changes (e.g. a transcription factor responsible for the observed changes in expression or an upstream member of the signaling pathway). In contrast to other methods that utilize the same idea of finding upstream network regulators using expression data, SNEA allows identification of any potentially important protein (not necessarily a transcriptional factor) leading to the observed expression changes, even if its own expression does not change. In this way, the two important cellular processes that we discuss in this study, cell survival and cell growth, appear on the very top with p values of 1.38EϪ09 and 6.86EϪ08, respectively ( Table 2 ). Fig. 1 shows these two cellular processes and their connection with differentially expressed genes between myocilin-expressing HEK293 and vector control HEK293 cell lines. 44 genes among 110 differentially expressed genes were associated with cell growth or cell survival, and 23 genes were overlapped in two cellular processes ( Fig. 1) . To validate the results from the gene profiling experiment, we randomly selected five genes (IGFBPL1, CD44, ANXA1, NBN, and DDIT4) among the cell growth-associated genes and performed qRT-PCR with the specific primers ( Table 3 ). The -fold changes in mRNA levels detected by a microarray analysis were similar to those detected by qRT-PCR, validating the accuracy of microarray data (Fig. 2) . In summary, these data suggested that myocilin may be involved in cell growth and survival.
Effect of Myocilin on Cell Proliferation-Two cellular models were used to study a possible role of myocilin in the regulation of cellular proliferation and death. First, we used the stably transfected cell Tet-On HEK293 lines described above. Myocilin was not detected in a vector control line in the absence or presence of DOX (not shown). In a myocilin-expressing cell line, myocilin was not detected in the absence of DOX, but the protein levels increased with increasing DOX concentrations.
Myocilin was detected in the conditioned medium (CM), but there was no detectable myocilin in the cell lysates (Fig. 3A) .
Cell proliferation was first tested using the WST-1 proliferation assay. It showed the increased cell proliferation with increased concentration of DOX in myocilin-expressing cells. A maximal increase in the cell proliferation was observed at 1 g/ml DOX. Conversely, proliferation of the vector control cell line was not significantly altered by the DOX treatment, indicating that DOX had no effect on the cell proliferation (Fig. 3B) . These results were confirmed through comparisons of the actual cell numbers of myocilin-expressing and vector control cells. The cell number was increased by 43.0 Ϯ 11.7% in myocilin-expressing cells relative to vector control cells after treatment with 1 g/ml DOX for 48 h (Fig. 3C ). The fraction of proliferative cells was assessed using immunostaining with antibodies against Ki-67. Ki-67 is a reliable proliferation marker, which is present only during active phases of the cell cycle (40) . Ki-67-positive HEK293 cells showed strong and relatively weak signals, probably reflecting the fact that positive cells were in different phases of the cell cycle (Fig. 3D ). In the G 1 /S/G 2 phases, cells have weak punctate Ki-67 signals, whereas mitotic cells show concentrated strong signals in the nucleus (41) . The amount of strongly positive Ki-67 cells representing mitotic cells was increased by 50.3 Ϯ 4.7% (p ϭ 0.005) in myocilin-expressing cells versus vector control cells, confirming that the former were proliferating more actively than the later (Fig. 3D) .
Because myocilin was efficiently secreted from HEK293 cells (Fig. 3A) , we examined whether extracellular myocilin alone may stimulate cell proliferation. We used 10-fold diluted CM from control or myocilin-expressing cells to treat non-modified HEK293 cells. The addition of myocilin-containing CM stimulated cell growth, as demonstrated by the WST-1 assay (Fig.  4A ). This stimulatory effect of myocilin was eliminated by preincubation of CM with anti-myocilin antibodies but not with an unrelated control IgG fraction (Fig. 4A) . The stimulatory effect of myocilin on cell proliferation was confirmed by direct cell counting. Similar to the results of the WST-1 assay, myocilin- containing medium increased the number of cells by about 25% after 2 days in culture, and this stimulatory effect was reduced by the addition of anti-myocilin antibodies but not a control IgG fraction (Fig. 4B ). We concluded that extracellular myocilin may stimulate cell proliferation.
Protective Effect of Myocilin against Serum Starvation-induced Apoptosis-The cell proliferation-promoting properties of myocilin resemble the activities of some growth factors. A number of growth factors have been shown to regulate not only cell proliferation but also apoptotic pathways (42, 43) . To assess whether myocilin affects apoptosis, control and myocilin-expressing cells were cultivated in conditions stimulating apoptosis. Cells were first treated with DOX for 24 h and then serumstarved for 72 h. Apoptotic cells were detected using a TUNEL assay. TUNEL-positive cells were significantly reduced in myocilin-expressing cells as compared with control cells (Fig. 5A) . Additionally, two apoptotic markers, cleaved caspase 7 and cleaved poly(ADP-ribose) polymerase, were markedly decreased in myocilin-expressing cells after DOX stimulation as compared with unstimulated cells. DOX addition did not lead to changes in the levels of these two apoptotic markers in the control cell line (Fig. 5B ). Together, these results suggest that myocilin protects cells against apoptosis.
Proliferation and Survival of Myocilin-defective MSCs-Previously, we demonstrated that myocilin is expressed in undifferentiated human and mouse MSCs (44) . MSC lines are among the few cell lines that express myocilin. To test whether elimination of myocilin affects MSC proliferation or survival, we isolated MSCs from the bone marrow of wild-type and Myocnull mice. Flow cytometric analysis demonstrated expression of Sca-1, CD106, CD73, CD29, and CD44 but not CD45 or CD11b in both wild-type and Myoc-null MSCs (Fig. 6 ). As expected, myocilin was detected in MSC lysates from wild-type but not from Myoc-null mice (Fig. 7A ). Analysis of their proliferation rate demonstrated that Myoc-null MSCs have a lower proliferation rate as compared with MSCs isolated from wild-type littermates as judged by both the WST-1 proliferation assay ( Fig.  7B ) and cell counting (Fig. 7C) . The cell number of Myoc-null MSCs was reduced by about 20% compared with wild-type control MSCs after 48 h of incubation (Fig. 7C ).
Myocilin depletion also led to an increased sensitivity of MSCs to the apoptotic condition. After 5 days of serum starvation, the number of TUNEL-positive cells was significantly increased in the Myoc-null MSCs compared with wild-type control MSCs. The ratio of apoptotic cells was 20.2 Ϯ 2.4% in wild-type control MSCs and 51.4 Ϯ 5.3% in the Myoc-null MSCs (Fig. 7D) . Moreover, two apoptotic markers, cleaved caspase 7 and poly(ADP-ribose) polymerase, were only detected in Myoc-null and not wild-type MSCs (Fig. 7E) .
Activation of ERK Signaling Pathways by Myocilin-Cell proliferation and survival are regulated by various intracellular signaling pathways. It is well known that mitogen-activated protein kinase (MAPK) cascades are key signaling pathways involved in the regulation of cell proliferation, survival, and differentiation (45, 46) . Therefore, we used a human phospho-MAPK array to test the effects of myocilin on these signaling pathways. The array included the major MAPK families (ERK, p38, and JNK) and intracellular kinases (Akt, GSK-3b, and p70 S6), which are important in the signal transduction of cell proliferation and survival. Phospho-MAPK membranes were incubated with lysates of myocilin-expressing or control HEK293 cells. The comparison of two membranes showed that phospho-ERK1/2 levels were elevated in lysate of myocilin-expressing cells (Fig. 8A) . These data were confirmed by Western blotting analyses. A detectable level of myocilin was identified in myocilin-expressing cells 12 h after the addition of 1 g/ml DOX (data not shown). Phospho-ERK1 and phospho-ERK2 were significantly increased at this time point (Fig. 8B) . Quantitatively, phospho-ERK1/2 was increased by 3.1 Ϯ 0.5 fold 12 h after induction. Longer expression of myocilin led to an additional increase of phospho-ERK1/2 (Fig. 8C) . Moreover, ERK upstream kinases, phospho-MEK and c-Raf, were also increased after myocilin induction (Fig. 8B) . These results suggest that the Raf-MEK-ERK MAPK cascade was activated by myocilin. Generally, the ERK pathway is activated by growth factors and critically involved in the regulation of cell proliferation and survival (45) . Thus, the increased ERK signaling that we observed may contribute to the increased proliferation and survival of myocilin-expressing cells. To determine whether ERK signaling is important for myocilin function, we investigated the effects of an ERK pathway inhibitor on myocilin-induced cell proliferation and survival. U0126 is a highly selective inhibitor of both MEK1 and MEK2 kinases, both of which lie upstream of ERK1/2 in the signaling pathways (47) . Pretreatment of HEK293 cells with U0126 for 2 h reduced the level of phospho-ERK and almost completely blocked the ERK activation induced by myocilin (Fig. 9A ). In the absence of U0126, the number of cells was increased by ϳ30% in the myocilin-expressing conditions as compared with uninduced conditions. The difference in the cell number between the induced and uninduced lines narrowed to 6% when pretreatment with U0126 was administered ( Fig. 9B) . Additionally, the effects of myocilin on serum starvation-induced apoptosis almost disappeared in the presence of U0126. In the absence of U0126, the amount of TUNEL-positive cells was significantly reduced in myocilin-expressing cells. However, the U0126 treatment led to an increased sensitivity of the cells to the serum depletion, and the difference in the number of TUNEL-positive cells between the two groups nearly disappeared (Fig. 9C) . Although we cannot exclude the off-target effect of U0126, our data suggest that the ERK signaling plays a significant part in myocilin-mediated increased cell proliferation and survival.
Increased ERK Activation in the Eye Angle Tissues of Myoctransgenic Mice-To see whether myocilin may activate the ERK signaling in vivo, we analyzed the eye angle tissues of myocilin-overexpressing transgenic and wild-type mice. These transgenic mice had been produced previously using artificial bacterial chromosome DNA containing the full-length mouse Myoc gene and its long flanking sequences (48) . The eye angle tissue of transgenic mice contained about 6 times more myoci- lin than that of their wild-type littermates (48) . Phospho-ERK and its upstream kinase, phospho-MEK, were significantly increased in the eye angle tissues of transgenic mice (Fig. 10A) . Quantitatively, phospho-ERK1/2 was increased by 2.7 Ϯ 0.4fold in the eye angle tissues of transgenic mice as compared with their wild-type littermates (Fig. 10B) . Similarly, immunostaining of the eye sections showed a significant increase of phospho-ERK immunofluorescent signal in the trabecular meshwork area of transgenic mice compared with their wildtype littermates (Fig. 10C) . A smaller increase of the myocilin and phospho-ERK immunofluorescent signals was also observed in the ciliary body of transgenic mice as compared with their wild-type littermates (Fig. 10C ). We concluded that myocilin may regulate the ERK signaling pathway and its upstream kinase, phospho-MEK, in vivo.
DISCUSSION
The MYOC gene and encoded protein have been the subject of intensive investigation since the seminal 1997 discovery demonstrating the relationship between mutations in MYOC and glaucoma (11, 12) . Available data suggest that accumulation of mutant myocilin leads to endoplasmic reticulum stress in the eye angle tissues, including the trabecular meshwork; stimulates the unfolded protein response; and ultimately leads to the loss of cells within the trabecular meshwork, resulting in structural changes in the outflow pathway and elevated intraocular pressure (13, 21, 23) . Relatively few studies have described possible physiological functions of wild-type myocilin. Our recent data suggest that myocilin may have distinct extracellular and intracellular functions. Extracellular myocilin may serve as a modulator of Wnt signaling by interacting with several components of the Wnt signaling pathway (29) . It may also increase cell migration by acting through the integrin-focal adhesion kinase signaling pathway (49) . We showed that myocilin is expressed in MSCs, and the addition of extracellular myocilin enhances osteogenic MSC differentiation (44) . Moreover, although Myoc-null mice do not develop glaucoma and at the first glance appeared to be normal (36) , more careful analysis demonstrated that cortical bone thickness and trabecular volume, as well as the expression level of osteopontin, a known factor of bone remodeling and osteoblast differentiation, were dramatically reduced in the femurs of Myoc-null mice compared with wild-type mice (44) . Although myocilin is secreted from several cell lines in vitro (18, 21) and from some tissues in vivo (18, 22) , it is not secreted from some cell lines (e.g. from differentiated myotubes) (33) . Intracellular myocilin may be a regulator of laminin pathways via interactions with components of the dystrophin-associated protein complex (33) . Finally, our recent data suggest that myocilin plays a role in myelination of the sciatic nerve in the peripheral nervous system and optic nerve in the central nervous system (50) . Here, we report another novel function of myocilin: a regulation of cell proliferation and survival.
Cell proliferation and survival are tightly regulated by a mediation of several intracellular signaling pathways. Our study supports the possibility that myocilin activates the ERK signaling pathway to promote cell proliferation and survival. The role of the ERK signaling pathway in cell proliferation and survival is well established (45, 51) . Mitogenesis in cultured cell lines correlates with ERK activation, and inhibition of the ERK pathway results in reduced proliferation in most instances (52) . ERK activation requires the sequential phosphorylation of c-Raf and MEK. Activation of the Raf/ MEK/ERK signaling cascade is under the regulation of several growth-responsive proteins (52, 53) . Growth factors like epidermal growth factor (EGF), fibroblast growth factor, and platelet-derived growth factor were originally identified as potent activators of ERK (52) . In the current study, we demonstrated that myocilin is very efficiently secreted from HEK293 cells, and that secreted myocilin stimulates cell proliferation. Secreted myocilin may activate specific receptors that can control the ERK signaling cascade in a manner sim- ilar to growth factors. It is well known that the MEK/ERKdependent survival pathway can be induced by the activation of EGF receptor (51, 52) . In our previous study, we demonstrated that EGF receptor phosphorylation was enhanced by treatment with a myocilin-containing medium (50) . Myocilin may also activate focal adhesion kinase and its downstream phosphatidylinositide 3-kinase (PI3K) signaling pathway (49) . Focal adhesion kinase-mediated activation of the PI3K pathway is able to stimulate the Raf/MEK/ERK signaling cascade via activation of p21-activated protein kinases (54, 55) . Therefore, we speculate that activation of EGF receptor and the PI3K pathway by myocilin may contribute to the activation of the MEK/ERK signaling cascade.
Increased ERK activation and cell survival induced by myocilin may have biologically important roles. The highest level of myocilin expression is observed in the trabecular meshwork, which is responsible for the regulation of aqueous humor outflow. Several lines of evidence have shown that the outflow facility can be regulated by the composition of the extracellular matrix in the trabecular meshwork. Moreover, increases in extracellular matrix materials have been associated with the development of primary open angle glaucoma and steroid-induced glaucoma (56 -58) . The ERK pathway plays a central role in receptor-mediated secretion of extracellular matrix proteins and matrix metalloproteinases (59 -61). Additionally, our study suggests the possibility that increased activation of the ERK pathway by myocilin may increase the ability of trabecular meshwork cells to survive. The number of trabecular meshwork cells decreases with aging, and this decrease in cell number can be a cause of structural changes in the outflow pathway of aqueous humor, thereby increasing the risk of glaucoma (13, 62) . Generally, normal cells require growth factors to maintain their viability (43) . An abundance of myocilin in eye angle tissues may contribute to the survival of trabecular meshwork cells and other tissues in the anterior chamber of the eye. Consequently, myocilin may be involved in regulating trabecular function by activating the ERK pathway.
Our recent study demonstrated myocilin expression in human and rodent MSCs (63) . Although most MSCs undergo a limited number of replications, they can replenish themselves through symmetric and asymmetric cell divisions (64) . In addition, the proliferation rate of MSCs is somewhat higher than for most normal cell types. To regulate cell proliferation and survival, MSCs secrete a broad spectrum of growth factors and cytokines (65, 66) . We have now demonstrated that myocilin depletion in mouse MSCs can be a cause of retarded proliferation and hypersensitivity to apoptotic treatment, suggesting that myocilin may contribute to the survival and proliferation of MSCs. Myocilin expression also has been detected in a few stem cells, including hair follicle stem cells (67, 68) . Similarly, FIGURE 9 . Inhibition of ERK activation abrogates myocilin effects on cell proliferation and survival. A, myocilin-expressing Tet-On HEK293 cells were pretreated with 10 M U0126 or DMSO for 2 h and further incubated in the medium containing or lacking 1 g/ml DOX for 48 h. Cell lysates were immunoblotted with anti-phospho-ERK (P-ERK; 1:500 dilution), total ERK (1:1,000 dilution), and anti-GAPDH (1:2,000 dilution) antibodies. B, equal numbers of cells (1 ϫ 10 5 cells/well) were plated into 6-well plates and incubated as in A. Relative changes in the cell number after incubation in the indicated conditions are shown. Error bars, S.D. of triplicate cultures. NS, non-significant; *, p Ͻ 0.05. C, Tet-On HEK293 cells were pretreated with 10 M U0126 or DMSO for 2 h and then incubated in the medium containing or lacking 1 g/ml DOX for 24 h. Thereafter, the cells were further incubated in serum-free medium containing 1 g/ml DOX for 72 h. Apoptotic cells (red fluorescence) were identified as by the TUNEL assay. Similar results were obtained in three independent experiments. The results of a typical experiment are shown. Scale bar, 100 m. myocilin may play some role in a stem cell's capacity for long term self-renewal.
Recent reports demonstrate that another olfactomedin family protein, olfactomedin 4, is a robust marker for stem cells in human intestine (69, 70) . It has antiapoptotic effects and promotes the proliferation of cells in a way that is similar to the effects of myocilin (71, 72) . Olfactomedin 4 is also expressed at high levels in several types of cancer, like carcinomas of the breast (73), colon (70, 71, 73) , stomach (71, 74) , lung (73), pancreas (73) , and head and neck squamous cell carcinoma (75) . It may be associated with the differentiation and progression of cancer. It has been also reported that inhibition of olfactomedin-like 3 in tumor endothelial cells and pericytes efficiently reduces tumor angiogenesis and growth in vivo (76) . Although myocilin expression has not yet been characterized in cancer cells, if myocilin expression is induced during cancer progression, it may have effects on malignancy or resistance to anticancer treatment in some cancers. Analysis of myocilin expression and its functions in cancer cells and cancer stem cells deserves further investigation.
In summary, our data demonstrate a novel function of myocilin as a regulator of the ERK pathway that is important for cell growth and survival. They imply that myocilin may have func-tions not only in cells of the eye but also in adult stem cells outside of the eye.
